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SUMMARY

The Tiros satellites scan the earth's cloud cover by means of tele-
vision, and observe its infrared albedo in several wavelength regions.
The satellite is spin stabilized, but the spin axis direction varies in
response to magnetic and gravitational torques. The recent Tiros
satellites contain a variable intensity electromagnet to steer the satel-
lite in orbit; and the satellite's attitude must be determined and pre-
dicted so that appropriate steering commands can be given. The basic
data for determining the satellite attitude are obtained from the tele-
vision pictures and from the infrared sensors themselves (the latter
sense horizon transit times). These basic data are processed, edited,
and analyzed, together with accurate orbital information, by means of
attitude and orbit determination systems formulated and programmed
for use in IBM 7094 computers, The pointing directions for the various
cameras and sensors are determined, predicted, and programmed by
means of these attitude determination systems.
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ATTITUDE DETERMINATION FOR TIROS SATELLITES

by
Joseph W, Siry
Goddard Space Flight Center

and

Joseph V. Natrella
NASA Headquarters

INTRODUCTION

The Television Infrared Observational Satellites, Tiros I, II, OI, IV, V, and Vi, are meteor-
ological satellites designed to obtain television cloud data and reflected solar and earth radiation
information. Tiros satellites photograph the earth's cloud cover by using television cameras and
observe and record the reflection of solar radiation by the earth's surface and by clouds in a num-
ber of wavelength regions by means of sensors and magnetic tape recorders. The satellite is spin
stabilized; however, the spin axis direction varies with time in response to magnetic and gravi-
tational torques. The satellite's attitude or orientation as a function of time must be quickly and
accurately determined and predicted for a number of reasons. The recent Tiros satellites contain
a variable intensity electromagnet which can be commanded from the ground to steer the satellite
in orbit.

In order to give the appropriate steering commands to achieve the various satellite objectives,
the attitude of Tiros must be established and predicted. The spin axis direction with respect to
the sun is important since it affects the solar energy reception rate, the temperature and the power
supply. The directions in which the television cameras point must be predicted and controlled in
order to take direct or remote cloud picture sequences that yield photographs of meteorological
interest. This is particularly important in the four-fifths of the globe not covered by weather
stations. The attitude of Tiros is also required to prepare radiation maps that show the earth
distribution of various spectral bands.

TIROS 11l

The Tiros structures are 42 inches in diameter and 19 inches high. The infrared sensors are
mounted at ninety degrees and at forty-five degrees to the satellite axis. The satellite spin rate
of between 9 and 12 rpm can be maintained by firing pairs of peripheral rockets,
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Figure 1~The Tiros Il Satellite.

One of the major problems in Tiros is the

movement of the satellite's axis because of
torques, Figure 2 shows the torques acting to
change the axis. The magnetic attitude control
consists of a coil of wire around the pillbox's
perimeter, Axis changes are achieved by
varying the current flowing through this coil.

The axis direction must be known in order

Ag

to interpret the photographs and sensor mes-
sages. Figure 3 shows the changing length of
earth and sky transit times as the satellite
moves. As the zenith angle changes, the pulse
duration changes.

(b)) Gravitational
(a) Magnetic torque gradient torque

Figure 2—Torques acting to change satellite spin
axis direction.
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Figure 3—Relation between zenith angle and earth and sky intervals.

PROCESSING THE DATA TO DETERMINE SATELLITE'S ATTITUDE

Part of the raw data used in satellite attitude determination comes from the Horizon Sensor
(H1) which is mounted at 90 degrees to the spin axis. The Horizon Sensor messages are received
from the satellite only when it is within the range of the acquiring antenna. These messages there-
fore vary in length from 8 to 15 minutes. The pulses of varying length are received—unlabeled as
to origin (earth or sky). As can be seen from Figure 3, we must know when to take pictures.

The sensor observational data are run through an Edit Program, (Figure 4a) which tests for
true start and end times by counting all pulses, checks earth and sky scans to see if they fall
within specific tolerances of an average spin rate for the satellite, and determines whether each
pair is within the individual AT tolerances. Any pair of earth or sky scans not meeting a specified
criteria is discarded in this process. Trend checking may be applied to the readings; however,
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the oscillations of earth readings are sufficiently severe that we require only a certain increase
or decrease within a specified tolerance. Checks and diagnostics are made throughout the
message.

The Sensov Imput Program, (Figure 4b) uses the output of the Edit Program to determine
smoothed ratios of the time the sensors observe the earth to the time of one revolution of the
satellite about its axis. Parabolas are fitted to the data; data points and parabolas with large
standard deviations are eliminated.

The Sensor Observvation Program, (Figure 4c) combines these fractions and orbital position
tape data to produce corresponding zenith angles. Thus the zenith angles are determined from the
sensor data and the precise orbital information.

The zenith angle data are used in the Attitude Diffevential Covrection Progvam to determine
right ascension and declination of the spin axis. This program uses analytic expressions for the
partial differential correction coefficients and is intended for use over relatively short time inter-
vals during which the axis motion can be represented by simple functions.

A standard iterative differential correction process is used until convergence is achieved and
a solution found. This process, which also eliminates data differing greatly from the predicted
values, is a third occasion for removing inconsistent data.

The Attitude Wovld Map Progvam, (Figure 5) calculates a minute by minute attitude map,
which shows favorable picture taking areas based on optimal sunlight and angle criteria and nu-
merous other quantities. This in both magnetic tape form and book form is widely used by the
TIROS Technical Control Group, and the Weather Bureau meteorologists to command the satellite,
to analyze the pictures and, ultimately to produce the radiation maps.

Figure 6 shows the pulses received from a different type of sensor—the infrared sensor (I12)-
which is an open end tube mounted at 45 degrees to the axis. It illustrates one of the major diffi-
culties in the system. The labeling of the sensors and the transitions from 2 pulse to 4 pulse
areas required extreme care in establishing machine criteria. The two and four pulse areas de-
pend on the satellite's orbital position (i.e., in some cases only one end of the open tube IR sensor
views the earth and in other cases both the top and bottom of the open IR sensor view the earth).

PROCESSING IMPROVEMENTS

ror ideal data, the process is straightforward. In the presence of noisy data which are fre-
quently encountered, special care must be used. The large volume of data, about 10,000 points
per day over a lifetime of 100 days or about one million points, accentuates the need for automa-
tion with machine logical decisions to eliminate bad data. Such logical decisions are difficult to
program for a computer.



This problem is illustrated for one orbit of Tiros II in Figure 7. The two sensors should give
the identical zenith angle for like times. The gap shown (of about 3 to 7 degrees) has caused a
reexamination of data and methods. The effect of different bias levels in changing the earth pulse
intervals is shown in Figure 8. The present system involves manual bias settings to cut off the
sensor rise time. Work is now underway to have the computer do this by using the raw data to

establish the proper bias setting.
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The station picture observations are data points taken from gridded overlays; good pictures
with identifiable landmarks yield data as to the latitude, longitude and time of the picture. Using
the two vectors shown (Figure 9) the third one is obtained; lower California on a smoggy day is
recognizable. Here the main problem is the accurate time of the picture-taking. An error in
identification of one frame means an error of about 20 degrees in right ascension and declination.

Figure 10 shows the theoretical path with the laboratory magnetic moment and the actual path
taken by Tiros III. Accurate measurements of the satellite's magnetic moment were made and the
path should have been as shown. After much work and artificial changes (see Table 1) in the
moment, the computer calibrated the moment and found a solution.

The value of the magnetic moment determined by the computer program while the satellite
was in orbit was significantly different (Table 1) from the value determined by means of labora-
tory calibrations of the satellite's magnetic moment. The scored values are actual measurements
as calibrated by the computer, The most likely explanation of this difference appears that the
changes in the satellite's magnetic properties are the effects of the launching shocks and vibrations
upon the stray magnetism of battery cans and other materials (of miscellaneous value magneti-
cally). This new value of the satellite's magnetic moment determined from the orbital and attitude
data was sufficiently different from the value determined from the ground measurements to re-
quire redetermination of the ground command program which had been established for the satel-
lite's steering electromagnet.

Referring to Figure 10 which shows the deviation from the actual path, we note that Figure 2
also illustrates the change in satellite axis direction as the magnetic moment along the axis is
changed. A theoretical model was developed which accounts accurately for the effects of the
earth's gravitational gradient torques, the torques due to the satellite's magnetic moments—~
including those induced by the electromagnet and the eddy current torques. An expression
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Table 1
Measurement of the axial component of magnetic moment.
Value of Axial Component
(dyne-cm/gauss) Difference between
. - Laboratory and
Satellite
Laboratory Mgap Program Mgap values
! (dyne-cm/gauss)
Sunlit Dark Sunlit Dark
Tiros I -696* -884*
Tiros II 103 + 50 =320 + 50 - 297** ~720%** -400
Tiros I | 330 £ 50 0 = 50 ~420%* ~750%* =750

* Sunlit-dark difference determined by Mgap program.
**Laboratory value for sunlit-dark difference assumed.

containing about two dozen terms was used to represent the earth's magnetic field. The position
of the satellite in this magnetic field and in the gravitational field was determined on the basis of

the precise Minitrack orbit.

This model has been programmed and is used to steer the satellite by changing the moment
artifically. The data used for the magnetic and gravitational attitude program (MGAP) are:

1. Satellite positions based on precise minitrack orbit;
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Satellite magnetic moments

a. Eddy current, based on spin rate decay data

Spin rate based on computer program results;

Earth's magnetic field based on Finch and Leeton's harmonic coefficients;

Satellite moments of inertia based on laboratory measurements; and

b. Steering electromagnets, based on laboratory calibrations and telemetered switch

positions.

The telemetered switch positions have been another source of difficulty, especially in Tiros II.
Some switch changes occurred inadvertently when no reliable time could be associated with the
event. This model and program were applied to determine the most likely time and the proper
switch position. The parameters that can be determined are:

1. af(t);
2, &(t);

3. Axial component of magnetic moment in sunlight; and

4, Axial component of magnetic moment in dark.

One of the most important uses of the model is to steer the satellite. Figure 11 shows the
criteria used to limit the angle between the axis and the sun's direction. The steering criteria are
designed: (1) To keep the sun away from the sensors and the cameras (top and bottom of the sat-
ellite); (2) To keep the maximum zenith angle about 20 degrees to assure good pictures for horizon
angle measurement; and (3) To keep the right ascension and declination within certain tolerances
with reference to the sun's right ascension and declination. Figure 12 shows the predicted and
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Figure 11—Limitations on angle between satellite axis
and direction toward sun.
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differentially corrected sun axis angle. To meet the criteria, the sun axis angle must be from 20
to 39 degrees or from 51 to 70 degrees. To avoid damage to the instruments and experiments,
two days or less should be spent in the 0 to 20 degree, 39 to 51 degree and over 70 degree regions.
Obviously, all of the criteria cannot be satisfied simultaneously but an optimized set can be

achieved.

CONCLUDING REMARKS

The uses made of the MGAP program are summarized as follows:

Definitive determination of satellite attitude;
Long range prediction of satellite attitude;

Determination of satellite steering program; and

rl:-wl\’ar-t

Determination of axial components of magnetic moment in sunlight and in dark.

Each of these has been quite important in the Tiros program and represents a contribution to space
research and development. The entire system (Figure 13) contains some 42,000 machine instruc-
tions, mostly in FORTRAN language, and is quite comprehensive and flexible in the variety of

observational data which can be used.

Tiros I did not contain the steering mechanism described previously. However, the results
obtained from the theoretical model after the in-flight calibration by means of the computer of the
magnetic moment are shown in Figure 14. The points shown represent the most carefully deter-
mined right ascension and declination from "bench mark" quality photographs. The curves shown
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Figure 14—Tiros | spin axis.
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represent the single theoretical model differentially corrected over a time interval of 56 days
after which time spin up occurred. This is the first definitive attitude for a satellite of this type.

Tiros IM, however, did contain the steering electromagnet. Results using the differentially
corrected model are shown in Figure 15, Work is now underway to resolve some of the diffi-
culties. Uncertainties in time and angular measurement have necessitated special care and logic
in the programs. In addition, the triggering of the sensors going from earth to sky scans has been
handled by a rather subjective method. A new approach which will have the computer calibrate the
best sensor bias level and produce better attitude data is being programmed. It should remove
many of the present difficulties and yield more accurate attitude data.

The results obtained using this system have been good; and the computer is being used:
(1) To determine the axial components of the magnetic moment; (2) To determine a steering pro-
gram; (3) To make long range attitude predictions; and (4) To determine the definitive attitude.

(Manuscript received October 15, 1962)
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